ABSTRACT. Genetic relationships among 970 cucumber (Cucumis sativusL
improve managerial effectiveness of germplasm curation, and increase the availability of unique genetic resources for plant improvement (Frankel, 1984; Brown, 1989 Brown, a, 1989b . A core collection is a representative sample from an entire collection that allows for more efficient evaluation of genetic diversity, and for the identification and resampling of accessions of potential economic value. In theory, a core collection should include the maximum genetic variance that exists in the entire collection with minimum genetic repetitiveness (Johnson and Hodgkin, 1999; van Hintum et al., 2000) . A standard range collection (Beuselinck and Steiner, 1992) or test array as used herein because of its specific and defined characteristics is a subset of the entire collection that contains accessions varying in one specific attribute (e.g., a specific disease resistance). A series of test arrays can be extracted from a collection to provide researchers with germplasm sets for specific, often economically important comparisons (e.g., the comparative evaluation of disease resistance in newly acquired germplasm). Test arrays, in turn, can be used to develop core collections (Beuselinck and Steiner, 1992; ).
Genetic variability is essential for crop improvement, and therefore substantial resources have been directed towards collecting, preserving, and evaluating collections to access their genetic diversity (Peeters and Galwey, 1988; Plucknett et al., 1983) . National genebanks, such as the U.S. National Plant Germplasm System (NPGS), maintain substantial collections of diverse genotypes of worldwide origin. These crop germplasm collections differ in size, scope, and reproductive biology, and as a consequence require different management strategies for their curation and genetic maintenance.
Resources at genebanks are often not sufficient to adequately conserve, manage, and evaluate germplasm collections of everincreasing size. The concept of core collections was introduced to It is important for curatorial purposes to obtain estimates of genetic similarity among collection accessions. Such information enhances the management strategies for the entire collection [i.e., what needs to be added or removed (duplicates) ] and what should be included in a core collection (i.e., accessions that circumscribe its genetic constitution). Similarity estimates can be obtained through pedigree information and/or by direct genetic analysis of a collection (van Hintum, 1993 (van Hintum, , 1994 . Biochemical (protein and DNA) genetic markers have been used extensively to characterize accessions and define the structure of germplasm collections (Bretting and Widrlechner, 1995) . The choice of genetic markers in germplasm management depends on the size of a collection (i.e., resource constraints), the germplasm's reproductive biology, and the amount and kind of genetic variation present.
The cucumber (Cucumis sativus) collection of NPGS is relatively small [1352 plant introductions (PI)], consisting of accessions of Cucumis sativus L. var. sativus (adapted germplasm; 2n = 2x = 14; hereafer referred to as C. s. var. sativus) and a crosscompatible, feral wild form, C. sativus var. hardwickii (Royle) Gabaev (hereafer referred to as C. s. var. hardwickii). ). This crop is grown in most temperate regions, and is the fourth most widely grown vegetable crop in the world, after tomato, onion and cabbage (Tatlioglu, 1993) . Despite its relatively small size, the NPGS cucumber collection is of considerable importance for future genetic improvements in cultivars given the extensive use of plant introductions (PIs) in crop improvement (Peterson 1975) .
The greatest genetic diversity in cucumber resides at its center of origin, India (Leppik, 1966; Staub et al., 1999) . After its initial domestication (≈3,000 BC), cucumber was likely disseminated via the Silk Road and Oceanic routes (Meglic et al., 1996; Staub et al., 1999) . Genetic diversity in India is unique (Meglic et al. 1996) , and recent acquisitions from the Indian states of Rajasthan, Madhya Pradesh, and Uttar Pradesh have enriched the NPGS cucumber collection (Staub et al., 1997a) . Genetic variation in the secondary center for diversity, China, has been described , and Chinese accessions in the NPGS are genetically distant from India and all other cucumber germplasm in the collection (Staub et al., 1997a . The genetic diversity of the NPGS cucumber collection has also been significantly broadened by collections made during a 1994 U.S.-China governmentsponsored expedition to China (Wehner et al., 1996) , and by donations of Chinese germplasm made since 1994.
Isozymes, restriction fragment length polymorphisms (RFLPs) and randomly amplified polymorphic DNA (RAPD) markers have been used to assess genetic diversity in cucumber (Dijkhuizen et al., 1996; Knerr et al., 1989; Knerr and Staub, 1991; Meglic et al., 1996; Staub, 1996a, 1996b; Staub et al., 1997b) . Isozyme analysis of diverse cucumber germplasm by using relatively few polymorphic loci (14 to 21 depending on the study) has allowed for the discrimination of NPGS accessions grouped by geographic proximity (Knerr et al., 1989; Meglic et al., 1996; Staub et al., 1997a) (Table 1) . Studies of Dijkhuizen et al. (1996) (RLPFs; U.S. and European commercial germplasm), Staub et al. (1997b) (RAPD markers-isozymes; inbred lines and hybrids), and Horesji and Staub (1999) (RAPD markers; PIs and commercial germplasm) indicated that accession groupings defined by isozyme markers were similar to those produced by the analysis of DNA marker loci, and that these groupings were biologically meaningful based on taxonomy and geographic origin. A comparative analysis of the genetic constitution of accessions in these studies and experimental commercial germplasm in use after 1985 would be useful for defining historical benchmarks. For example, the estimation of genetic distances among germplasm pools (i.e., by cultivar release date or acquisition as PIs) would define genetic diversity as a function of acquisition and use during recent cultivation (>1850). The Genetic Resources Information Network (GRIN) contains passport information and data from evaluation studies (disease and abiotic stress resistance) of cucumber. These data, along with isozymic variation among accessions in the NPGS cucumber collection can be used to develop test arrays and a core collection for this crop. Therefore, we present herein an assessment of the genetic diversity of selected public and private proprietary commercial lines in breeding programs after 1985 of worldwide origin, and use this information in combination with evaluation data found in GRIN and previous isozymic assessments (Table 1) to form 1) test arrays for various economically important traits and 2) a core collection useful for tactical assessments of cucumber germplasm. The diversity analysis performed herein on experimental commercial germplasm in use after 1985 adds to previous genetic diversity analyses for a more comprehensive understanding of the breath of genetic variation in the NPGS cucumber collection. These data and those of form a historically important baseline for future comparisons.
Materials and Methods
PLANT MATERIAL. The genetic diversity of cucumber in the NPGS was assessed using plant introduction (PI) allozyme frequency data obtained 1) during previous studies of the NPGS collection (Meglic et al., 1996; Staub et al., 1997a Staub et al., , 1999 (Table  1) , 2) during the examination of heirloom and modern cultivars to 1985 (Table 1) , and 3) from polymorphisms observed among an array of commercial breeding lines used after 1985 (reported originally herein). Diversity assessment was performed using 18 populations grouped according to previous reports (Tables 1 and 2 ) with the addition of the population of 82 experimental commercial accessions in use after 1985 (presented herein). In total, 1230 entries were considered for analysis.
NPGS accessions (970) were grouped into 14 population groups (i.e., a population group is defined here as a distinct set of noninterbreeding individuals having the same geographic region), designated as U.S. (no. 1, 24), Eastern Europe (no. 2, 160), China Old (no. 3, 110), India Old (no. 4, 46), Iran (no. 5, 63), Japan (no. 6, 46) , Unassociated (no. 7, 81), Turkey (no. 8, 178), C. s. var. hardwickii (no. 9, 4) , Western Europe (no. 10, 45), China New-1 (no. 11, 39), China New-2 (no. 12, 28), India New-1 (no. 13, 37), and India New-2 (no. 14, 109) according to previous analyses (Staub et al., 1997a (Table 2 ) (numbers in parenthesis indicate the analysis group number and the number of accessions examined, respectively). The grouping assigned unassociated consisted of accessions that did not fit any geographical grouping according to Meglic et al. (1996) . India and China Old refer to those accessions received by the NPGS before 1992 and 1994, respectively (Staub et al., 1997a . India and China New refer to those accessions obtained by the NPGS after 1992 and 1994, respectively. The hyphenated number after the designation New indicates subgroupings according to Staub et al. (1997a Staub et al. ( , 1999 .
Commercial cultivars developed from 1846-1937 (no. 15, Meglic et al., 1996 , Staub et al., 1997a and India (New) designates accessions acquired before and after 1993, respectively, and China (Old) and China (New) designates accessions received by the U.S. National Plant Germplasm System before and after 1994, respectively. Unassociated are those accessions that did not group with respect to geographic proximity according to Meglic et al., 1996 . y Number of accessions examined. 1937-68 (no. 16, 27), and commercial cultivars developed between 1968-85 (no. 17, 111) were grouped according to Meglic and Staub (1996a) . In 1994, 82 commercial cultivars released after 1985 (no. 18) representing all major market types were obtained from 11 vegetable seed companies having active breeding programs with diverse objectives specific to market type and growing location (Staub, 1999) . Data sets and genetic distance matrices are given at the web site location http://www.hort.wisc.edu/usdavcru/staub. Seeds of F1 hybrids were obtained from the following companies: Asgrow Seed Co., U.S. (9), Campbell Soup Co., U.S. (7), Ferry Morse Seeds, U.S. (7), Harris Moran Seeds, U.S. (7), Petoseed Co., U.S. (7), Rogers NK Seeds, U.S. (7), De Ruiter Zonen, The Netherlands (7), Enza Zaden, The Netherlands (7), Nickerson Zwaan, The Netherlands (8), Nunhems Seeds, The Netherlands (9), and Royal Sluis, The Netherlands (7) (number in parenthesis refers to the number of accessions examined). These companies accounted for ≈60% to 80% of the commercial cucumber seed sold in North America and Europe at the time the study was initiated. Although the pedigrees of these cultivars are proprietary, these accessions represent diverse market types and target growing environments {i.e., U.S. and European processing and market, European glasshouse [long (length to diameter ratio >7) and midlength or middy (length to diameter ratio 4.5 to 6.5], and Beit Alpha (Middle Eastern)}. ISOZYME ANALYSIS. Isozymic examination of all cucumber accessions was performed according to Knerr and Staub (1992) using a random sample of 15 to 20 plants from each accession for bulk analysis (Meglic et al., 1996) . Cotyledonary tissue samples (0.01 g) were bulked for analysis, and gels were stained using the protocols of Allendorf et al. (1977) , Brewer (1970) , and Shaw and Prasad (1970) to resolve isozyme banding patterns at 15 loci using 12 enzyme systems (Meglic et al., 1996) . Those loci included Gpi-1, G2dh, Pepla, Pgm, Per, Idh, Since the C. s. var. sativus line Gy 14a was used as a control in this and previous studies, alleles at loci were precisely located in isozyme gels by visual observation. Genetic nomenclature for describing allozymic variation followed a modified form previously described by Richmond (1972) . For loci having two alleles, allelic frequency was assumed to be p = 0.5 and q = 0.5 in bulked samples of each accession. Estimates of allelic frequencies were calculated according to the protocol of Widrlechner et al. (1992) , and allelic frequency data matrices from previous reports pertinent to this analysis (Table 1) are available through GRIN.
DIVERSITY ANALYSIS. Allelic variation within 18 population groups (14 NPGS and 4 cultivar groups) was used to calculate the percentage of polymorphic loci (P), the mean number of alleles per locus (A), the effective number of alleles (A e ), the observed heterozygosity (H o ), and the expected proportion of heterozygous loci per individual (H e ) in each of the populations examined following Berg and Hamrick (1997) . These estimates allowed for the quantification of population genetic diversity for comparative analysis (Hamrick et al., 1992) .
In previous evaluations of cucumber PIs for allozymic variation within bulk samples (Staub et al., 1997a) and in random sampling of 15 individuals within an accession in our study (data not presented), allele frequency adequately fit Hardy-Weinberg expectations for loci possessing two alleles. Such observations have also been made in accessions of other Cucumis species where collections have been maintained under controlled pollination (López-Sesé et al., 2002) . Thus, the 11 diallelic loci used herein for heterozygosity (H o ) estimation were deemed adequate for hypothesis testing. Loci possessing multiple alleles (>2; Gpi, Gr, Mpi-2, Pep-la) were not used.
Principal component analyses (PCA) were used to depict affinities among the accessions and populations examined (Harris, 1975) . The correlation matrix of allele frequencies was subjected to PCA (SAS Institute, 1992) , to generate linear combinations (principal components) of the original variables (loci) which maximally discriminate among the accessions. The first three principal components were plotted in three dimensions with STATISTICA software (1994) to depict genetic relationships. The relative spatial relationships among the 18 populations were examined, and distinctive accessions were identified by their unique isozymic profiles (15 isozyme loci) and their relationship to other accessions after PCA.
Groupings identified by visual assessment were tested for differences using chi-square analysis. Isozymes useful for discrimination were identified by two-sample, chi-square goodnessof-fit tests (Gibbons, 1976) , and an overall comparison of the populations was made by using the combined probabilities from independence tests procedure of Sokal and Rohlf (1981) . This procedure allowed for the test of difference between the populations examined and grouped them according to their inherent genetic similarities (Staub et al., 1997a . Relative distances between groups were further investigated using Nei's I identity coefficient (GI) (Nei, 1987) and genetic distance (GD) (Nei, 1973) as estimated by computations using a similarity matrix derived from allele frequencies using computer algorithms in POPGENE (Yeh et al., 1997 (Staub and Krasowska, 1990; Staub and Palmer 1987; Staub et al., 1989; Wehner and Shetty, 1997) . The U.S. Cucurbit Germplasm Committee (CGC) accepted these data for entry into GRIN based on the performance of accessions in replicated evaluation under controlled conditions. These tests adhere to published protocols and/or protocols specifically developed for germplasm evaluation and supported by the CGC.
GRIN evaluation data, as well as isozymic variation, were used to establish test arrays (Table 3) . Initially, test arrays constructed were based on their relative resistance (disease as greenhouse seedling screening or field tests) or tolerance (environmental stress) reactions (GRIN) (Staub and Palmer, 1987; Staub et al., 1989; Staub and Krasowska, 1990; Wehner and Shetty, 1997) . Phenotypic ratings ranged from 0 (resistance-tolerance) to 10 (complete susceptibility and/or death). Relatively low ratings (1 to 3) indicated a degree of resistance or tolerance, intermediate ratings (4 to 6) indicated some resistance or tolerance attributes, and high ratings (7 to 9) indicated varied susceptibility depending upon the disease or environmental stress. The mean, as well as the minimum and maximum ratings for each trait, were considered as critical decision criteria for the initial formation of test arrays.
Initial test arrays were comprised of the most resistanttolerant plant introductions to pathogen-environmental stresses [ratings between 0 and 3.5 (replication mean) in greenhouse tests or 0 to 2.0 in field tests]. These were subsequently reduced in size Staub and Krasowska, 1990; Staub and Palmer 1987; Staub et al., 1989. by examination of their genetic similarity and geographical grouping following Meglic et al. (1996) ( Table 2 ). Accessions that were genetically most dissimilar and had been assigned high resistance-tolerance ratings formed the final test array for each trait considered. The final number in each test array differed, and selection was based on relative differences in disease rating and genetic similarity (i.e., some accessions from the same geographic region possessed similar ratings and/or similarities and were eliminated).
FORMATION OF A CORE COLLECTION.
The core construction process considered the resistance-tolerance to the diseaseenvironmental stresses examined (i.e., accessions with ratings of 0 to 2) and relative genetic diversity. Susceptible PIs are not included in each test array because 1) except for accessions that are repeated in more than one array (i.e., multiple resistance), accessions in contrasting test arrays are susceptible and thus can be used for experimentation as susceptible controls; 2) accessions and cultivars susceptible to one or more of the traits evaluated have been identified and documented (release announcements and GRIN) and are ubiquitous (Wehner, 1994) ; 3) susceptible accessions are not usually of interest to primary end-users (i.e., breeders), and 4) susceptible accessions can be easily added by end-users based on their situational preference (e.g., susceptibility to local pathogens). The size and scope of the core collection was determined by examining the total genetic diversity of the 970 NPGS accessions (Knerr et al., 1989; Meglic et al., 1996) and the existing geographic groupings (Meglic et al., 1996) , and then comparing this information to test array grouping by origin. All accessions in the test arrays were included in the core collection, as well as specific accessions (i.e., accessions from India and China acquired after 1992) that circumscribed the breath of genetic variation found in an extensive sampling of the presently constituted NPGS collection (1352 total accessions) Meglic et al., 1996) .
Results

DIVERSITY ANALYSIS.
Based on allelic frequency differences, the accessions examined could be partitioned into four distinct groups based upon visual examination (Groups A-D; P > 0.05) after PCA (Fig. 1) . The genetic structure within populations (18) was defined by estimates of population-specific genetic variability (Table 2) , and the genetic relationships between populations was characterized by pairwise comparisons of genetic distances (Table 4) and chi-square comparisons between Groups A-D (data not presented).
VARIABILITY WITHIN POPULATIONS. The mean percentage of polymorphic loci (P) was 59.3% (Table 2) . Relatively high levels of polymorphism were detected in accessions from Eastern Europe (71.4%), Turkey (76.2%), India New-1 (81.0%), India New-2 (90.5%), and those accessions not associated in geography (designated unassociated). The India New-1 and New-2 populations were considerably more heterogeneous than the other populations examined. Although the level of polymorphism in C. s. var. hardwickii accessions was relatively low (42.9%), the accessions examined were genetically distant from the other Group A accessions examined (Fig. 1, Table 4 ). The level of polymorphism in India New-1 and New-2 accessions (81% to 91%) was higher than that detected among China New-1 and New-2 accessions (48% to 57%). The level of polymorphism in India New-1 and India New-2 was principally due to variation at Ak-3, Fdp-2, Mdh-2, Mpi-2, Pep-la, Pgd-2, Per, and Pgm (data not presented). Likewise, estimated heterozygosity in India New-1 and India New-2 accessions (0.25 to 0.34) was higher than China New-1 and New-2 accessions (0.11 to 0.15). Cultivars released between 1937 and 1968 possessed a relatively high level of polymorphism (60%) when compared to the other cultivars examined (33.3% to 46.7%) (Groups C and D). Nevertheless, these cultivars did not differ appreciably in their relative heterozygosity (He).
The mean number of alleles per locus was 1.7, ranging from 1.4 (population no. 18) to 2.1 (population no. 14) ( Table 2 ). India New-2 accessions possessed the highest number of effective alleles per locus (1.6), and Japanese accessions (population no. 6) the lowest (1.2). The relatively high number of polymorphic loci and alleles estimated for India New-2 accessions were key factors that contributed to their comparatively high heterozygosity (He = 0.338). In contrast, Japanese accessions were relatively uniform (Ho = 0.049) when compared to the mean homozygosity (Ho = 0.110) of the populations examined. RELATIONSHIPS AMONG POPULATIONS. The first three principal components accounted for ≈48% of the observed variation (principal components 1, 2, 3 explained 32%, 9%, and 7%, respectively), and were used to examine genetic relationships in the four major accession groupings consisting of 18 populations (Groups A-D, Fig. 1 ; Table  2 ). Group A consisted exclusively of populations 1 to 10, Group B contained India populations New-1 and New-2 (no. 11 and 12, respectively) and China populations New-1 and New-2 (nos. 13, and 14, respectively), Group C consisted of experimental commercial germplasm in use after 1985 (population no. 18) and five cultivars released after 1968 (population no. 17), and Group D contained population 15 to 17 accessions (cultivars released from . Those accessions that were not associated with a group ( Fig. 1; 7 total, where 4 are visually apparent and 3 are hidden in Fig. 1) were those India New accessions that were not associated with any group in Staub et al. (1997a) .
These interpopulation relationships (Groups A-D) were supported by chisquare analysis. Independence tests at each locus (combined P values) taken (970) collectively indicated that Groups A-D (Fig. 1) were different (overall probability of difference = 0.05 < P < 0.01). Table 4 ; Fig. 1 ). In contrast, accessions of New India-1 and New India-2 (population no. 11 and 12) accessions differed from the newly acquired Chinese accessions (population no. 13 and 14) in Group B (New 1 and 2; GI from 0.65 to 0.77; new Gpi , Gr, and Pep-la alleles detected). Thus, Group B could be further partitioned (P < 0.05) into two subgroupings (Group B-1 and B-2). Subgroup B-1 contained India New-1 and India New-2 population accessions and subgroup B-2 consisted of China New-1 and China New-2 (Fig. 1) . These groupings are consistent with results of Staub et al. (1999) . Cultivars released between 1846 and 1985 (population no. 15 to 17; Group D) were genetically similar (GI from 0.96 to 0.99), and possessed genetic affinities with commercial germplasm used after 1985 (population no. 18; GI from 0.89 to 0.97; Group C).
ESTABLISHMENT OF TEST ARRAYS. Upon examination of resistance-tolerance ratings in GRIN, accessions that had mean trait ratings between 0 to 3.5 and a reaction range between 0 and 6 were considered for inclusion in test arrays. Initial considerations for the creation of test arrays involved 43, 23, 78, 26, 102, 19 , and 53 accessions evaluated for angular leafspot, anthracnose, downy mildew, rhizoctonia fruit rot, target leafspot, and water and heat stress resistance-tolerance, respectively. These accessions were used based on their reaction to abiotic and biotic stresses according to Staub and Palmer (1987) , Staub et al. (1989) , and Staub and Krasowska(1990) , and are exclusively from Fig. 1 Group A. Based on their genetic similarity ( Fig. 1 ; Tables 2 and 4) and relative mean rating (those ≤2.0), the number of accessions in these groups were reduced to 17, 16, 17, 16, 17, 16 and 16 for angular leafspot, anthracnose, downy mildew, rhizoctonia fruit rot, target leafspot, and water and heat stress resistance-tolerance, respectively (Table 3) .
Several accessions possessed multiple resistances and were included simultaneously in several arrays (Table 3) . These included PI 163213 (Pakistan; angular and target leafspot, water stress ), PI 164173 (India; downy mildew and target leafspot), PI 164679 [India; angular leafspot and fruit rot (synom. belly rot)], PI 167223 (Turkey; angular leafspot, downy mildew), PI 197086 (India; downy mildew, fruit rot), PI 197088 (India; angular leafspot, downy mildew), PI 200815 (Myanmar; anthracnose, water stress), PI 209064 (U.S.; angular and target leafspot), PI 209069 (U.S.; angular and target leafspot, anthracnose), PI 211979 (Iran; downy mildew, fruit rot), PI 227209 (Japan; anthracnose, target leafspot, downy mildew), PI 234517 (US; anthracnose, angular leafspot, downy mildew), PI 249562 (Thailand, anthracnose, angular and target leafspot), PI 267942 (Japan; downy mildew, target leafspot), PI 271328 (India; target leafspot, fruit rot), PI 279466 (Japan; anthracnose, angular leafspot, downy mildew), PI 279468 (Japan; anthracnose, downy mildew, target leafspot, water stress), PI 288238 (Egypt; anthracnose, downy mildew, angular leafspot), PI 330628 (Pakistan; downy mildew, fruit rot, target leafspot), PI 358813 (Malaysia; anthracnose, downy mildew, fruit rot), PI 390240 (Japan; angular and target leafspot, fruit rot), PI 390259 (Japan; anthracnose, angular leafspot, downy mildew), PI 422182 (The Netherlands; anthracnose, downy mildew), PI 426169 (Philippines; downy mildew, target leafspot), PI 432855 (China; angular and target leafspot, downy mildew), PI 432865 (Japan; angular and target leafspot, downy mildew), and PI 483339 (South Korea; angular and target leafspot, downy mildew). These multiple resistance-tolerance accessions are unique because of their reaction level (rating ≤2.0) and geographic grouping ( Fig. 1; Table 2 ). To increase the number of accessions in a potential core collection, however, some of these are not represented in each test array for which they possess resistance or tolerance.
FORMATION OF A CORE COLLECTION.
Where appropriate information exists, decisions on the inclusion of accessions in a core collection should consider their potential economic importance, their genetic constitution, and their genetic relationship relative to other accessions in the collection. The isozyme analysis of the populations examined defined their interpopulation relationships ( Fig. 1; Table 2 ) and intrapopulation structure (data not presented). This information, along with isozymic analysis of Staub et al. (1999) (21 loci) and the evaluation data from GRIN (Table  3 ) allowed for the construction of a core collection for the NPGS cucumber collection.
Accessions possessing economically important traits present in the test arrays initially defined this core collection. Their Table 4 . Estimates of genetic identity (above diagonal) and distance (below diagonal) for 18 cucumber (Cucumis sativus L.) populations. Groupings by geographic proximity where 1 = USA, 2 = Eastern Europe, 3 = China (pre-1994), 4 = India (pre-1992), 5 = Iran, 6= Japan, 7 = Unassociated (no geographic proximity), 8 = Turkey, 9 = C. sativus var. hardwickii, 10 = Western Europe, according to Meglic et al. (1996) , and 11 = China New-1, 12 = China New-2, according to Staub et al. (1999) , and 13 = India New-1, 14 = India New-2, according to Staub et al. (1999) . Populations 15, 16, 17, and 18 are commercial germplasm that was released between 1846 to 1937, 1937 to 1968, 1968 to 1985, and used experimentally after 1985, respectively. y Estimate according to Nei (1973) .
x Estimate according to Nei (1987) .
resistance-tolerance reactions to biotic and abiotic stresses (Table  3 ) and genetic differences (i.e., grouping by geographic proximity; Meglic et al., 1996) provided a first approximation for core construction. In addition, PIs of unique genetic character as determined by isozymic analysis of recently acquired Indian [Staub et al., 1997a ; India New-1 and India New-2 (populations 13 and 14 herein)] and Chinese ; China New-1 and China New-2 (populations 11 to 12 herein)] accessions were considered for inclusion. Based on a strategic assessment of their relative relationship to PIs in NPGS populations 1 to 10 and to each other by isozymic analysis [Staub et al., 1997a , and analysis herein (Group B, Fig. 1 
Discussion
Previous assessments of genetic diversity of cucumber used 21 isozyme loci (Meglic et al., 1996; Staub et al., 1997a Staub et al., , 1999 . Berg and Hamrick (1997) suggest that 10 to 20 loci are usually adequate to describe differences among populations in most species. Indeed, data from Staub et al. (1997b) indicated that 15 loci are adequate for defining genetic relationships among diverse cucumber germplasm. In our study, isozymic variation at these same 15 loci in experimental commercial germplasm in use after 1985 and cultivars released between 1846 and 1985 was added to previous isozymic data matrices of NPGS accessions (Meglic et al., 1996) for population analysis.
Like Meglic et al. (1996) and Staub et al. (1997a Staub et al. ( , 1999 , we used PCA to describe relationships among cucumber germplasm and observed genetic concordance with those studies (Fig. 1) . The relationships between Groups A and B (Fig. 1) were consistent with those reported by Staub et al. (1999) employing isozyme analysis (21 loci). Likewise, Horejsi and Staub (1999) used RAPD loci (71) to analyze selected PIs identified by Meglic et al. (1996) and additional present-day commercial cultivars, and found that the PIs examined did indeed circumscribe genetic variation in the NPGS. The relative proximity of Groups C and D to Groups A and B in our study provides a refined appraisal of the genetic relationships between germplasm in use between 1846 to the present and that held presently by the NPGS.
Relationships among accessions can change when additional data are added to or deleted from a database for reanalysis. In addition, interpretations may change when each reanalysis is performed using different numbers of loci. In our analysis, we added isozymic data from 260 accessions (population no. 15 to 18; Table 2 ) not present in previous analyses (Meglic et al., 1996 , Staub et al., 1997a . In addition, we surveyed variation at 15 of the 21 isozyme loci used in previous studies. Graphic depiction of relationships after PCA in our study also allowed for the identification of four distinct gene pools (Groups A-D; Fig.  1 ).
These gene pools were not the same as those identified by Staub et al. (1997a Staub et al. ( , 1999 . Earlier isozyme evaluation of introductions in the NPGS received after 1992 from India (Staub et al., 1997a) and China identified two accession groupings in each country (India New-1 and India New-2, China New-1 and China New-2). These groupings were distinct from each other and from the other accessions in the NPGS forming four distinct groups . In our study, recently acquired Indian and Chinese accessions (India New-1, China New-1, India New-2, and China New-2) formed a single group (Group B, Fig. 1 ) positioned between previously acquired NPGS accessions (before 1992, Group A) and commercial experimental lines and cultivars (Groups C and D). Although they were distinct from other PIs in the NPGS (population no. 1 to 10) and formed two subgroups (B-1 and B-2), the genetic difference between these two germplasm pools was less obvious than in a previous analysis . These spatial arrangements after PCA suggest that recently collected Indian and Chinese accessions are genetically closer to experimental commercial germplasm and cultivars (adapted germplasm) than are the NPGS accessions received before 1992 (Fig.  1) . Genetic analyses by Meglic and Staub (1996a) and Dijkhuizen et al. (1996) indicated that genetic diversity in commercial cucumber is relatively low (i.e., 3% to 8% among elite adapted germplasm and 12% between commercial C. s. var. sativus germplasm and C. s. var. hardwickii). Our data suggest that breeders could select genotypes within accessions from either of two distinct gene pools (Groups A and B) in order to increase the genetic diversity of commercial germplasm. Indeed, the spatial position of experimental commercial germplasm in use after 1985 (Group C) and that of cultivars released between 1846 -1985 suggests that there may have been recent efforts to incorporate unadapted germplasm into elite germplasm. This hypothesis is supported by a comparison of the relative increase in heterozygosity in the cultivars examined and the time of their release (Table 2, population 15 < 16 < 17 < 18). Accessions in the NPGS collected before 1992 and cultivars released between 1846 and 1985 are genetically most distant (Fig. 1) . It is intriguing to consider whether accessions from these groups or those in Group B should be considered in efforts to increase the diversity of commercial cucumber. Although Groups A and D are genetically distinct from modern commercial germplasm (Group C), recently collected accessions from India and China (Group B) are genetically closer to Group C (i.e., may be introgressed more easily) and have unique alleles (data not presented) when compared to accessions in Groups A and D.
India New-2 (Fig. 1 , Group B-1) contains accessions from the states of Rahjasthan and Madhya Pradesh, and possesses the largest intrapopulation diversity among all groups sampled (Staub et al., 1997) (Table 2 ). Since India is the center of diversity for cucumber, and Group B-1 accessions are measurably more diverse than the other Indian populations (population no. 4 and 13) examined, we hypothesize that a center of origin for cucumber might well be in central-western India. However, this hypothesis is difficult to test since extensive collections of cucumber have not been made in ethnobotantically well-defined agricultural and rural areas of eastern and southern India. The fact that landraces are slowly being replaced by American and European F1 hybrids in many Indian production areas (Staub et al., 1997a) , speaks to the urgency of further collection in these areas. Harlan (1972) advocated the use of active working collections for genetic resources management. The use of situation-specific subsets of germplasm collections (synom. test arrays) can in-crease the effective use of genetic resources (Beuselinck and Steiner, 1992; Rana and Kochhar, 1996) . In many cases, national germplasm programs do not have core collections associated with species under curation. In those national germplasm programs where emphasis is given to cooperative networking (i.e., distribution and collaborative experimentation) of active subsets of core collections, multilocation evaluation information can enhance the decision-making capabilities of end-users (e.g., breeders, curators, geneticists). By using phenotype (reaction to abiotic and biotic stresses) and genetic data (isozyme variation), we identified test arrays that could afford such possibilities.
Priorities of order for the construction of test arrays (i.e., which accessions to include) were made by considering the mean reaction ratings of accessions, the range of reaction within the accession, and the genetic differences among candidate accessions. For some groups of accessions, degree of resistancetolerance was relatively high but the level of genetic diversity was comparatively low. For instance, although the diversity among Japanese accessions was relatively low (Tables 2 and 4) , several accessions possessed multiple resistance-tolerance to abiotic and biotic stresses (Table 3) . Thus, the test arrays constructed herein represent a compromise between the resource allocation considerations, the relative reaction of phenotypes (inclusion resistancetolerance accessions with minimal reaction variances), and relative genetic difference. Such compromises are inevitable during test array construction and highlight the need for their continued refinement as new accessions and data become available. Brown (1989a) suggested that core collection formation should strive to increase the effectiveness of the curator in collection management, endeavor to mirror the structure of the broader collection, and seek to maximize the potential benefit to intended users. The core concept and such circumscript suggestions for its creation have been generally accepted by both curatorial staff and potential users (Beuselinck and Steiner, 1992; Peeters and Galwey, 1988) . Core collections in the NPGS have been constructed for various crop species of diverse origin, sexual behavior, and intended utility (Allen Stoner, NPGS, Beltsville, Md., personal communication). These include alfalfa (Medicago sativa L.), barley (Hordeum vulgare L.), bean (Phaseolus ssp. L.), bluegrass (Poa pratensis L.), clover (Trifolium pratense L. and T. repens L.), corn (Zea mays L.), okra [Abelmoschus esculentus (L.) Moench], medics (Medicago lupulina L.), pea (Pisum sativum L.), peanut (Arachis hypogaea L.), potato (Solanum tuberosum L.), ryegrass (Lolium perenne L.), tomato (Lycopersicon esculentum Mill.), sweet clover (Melilotus alba L.), sunflower (Helianthus annuus L.), trefoil (Lotus corniculatus L.), and wheat (Triticum aestivum L.). The cucumber core collection described herein is intended to increase curatorial effectiveness by facilitating the distribution of accessions having either a genetic diversity representative of that found in the collection as a whole or situation-specific arrays possessing traits of economic importance. In either case, these constructs form a starting point for endusers desiring a prescribed subset of genetic variation found in the whole collection.
The structure of a core collection (i.e., type and frequency of alleles) is dependent on the genetic constitution of the accessions that are included in it (Schoen and Brown, 1993) . Theoretical estimates of retention of genetic variation at most loci indicate that inclusion of about 10% of the entire collection in the core collection will, in most cases, allow for the recovery of ≈70% of the alleles with 95% certainty (Brown, 1989a) . However, the number of accessions in each of the existing core collections varies based on curatorial constraints, resources, and the rationale involved in developing an optimized breeder's core structure (e.g., sexual behavior, genetic information). For instance, while the corn core collection consists of 249 (1.7 %) of the available accessions (15,019), 2,304 accessions (51.8%; Ames, Iowa) are included in the potato core collection (4,444 accessions, Sturgeon Bay, Wisc.) (Allen Stoner, personal communication) . Beyond these extremes the number of accessions in other NPGS core collections range between 7% to 15% of the entire collection, except for tomato (5.4%), bluegrass (5.3%), ryegrass (5.1%), alfalfa (5.6%), and clover (6.5%). We have constructed a cucumber core collection consisting of genetically distinct germplasm that represents 10.8% of the current collection.
There have been several strategies proposed and evaluated for improving core construction (Basigalup et al., 1995; Johnson and Hodgkin, 1999; Schoen and Brown, 1993; van Hintum, 1994; van Hintum et al., 2000; van Hintum and Haalman, 1994; Zeuli and Qualset, 1993) . Genotype by environment interactions can be a major factor when considering core formation from agronomic trait data (Charmet et al., 1993) . Like the core collections of trefoil and bean (Allen Stoner, personal communication), the cucumber core collection constructed herein was based initially on the evaluation of geographical groupings and morphological-disease resistance traits. This germplasm array was then refined using genetic information obtained by molecular markers. Given the genetic information about this collection [GRIN, Meglic et al. (1996) , Staub et al. (1999) ] and theoretical estimates of allelic retention after sampling (Staub, 1999; Widrlechner et al., 1992) , we believe that the size of this core collection is adequate for initial or preliminary evaluation by end-users and amenable for future refinement as unique accessions are identified that have economically important characteristics.
